Alternative splicing of mRNA is a major mechanism that generates diverse mRNA transcript isoforms from a single gene, and subsequently differentiates proteins to have varying binding properties, intercellular localizations, enzymatic activities, and expression regulations[@b1][@b2]. Alternative splicing has been observed across tissue types, between distinct responses to external stimuli and among different developmental stages of mammalian stem cells[@b3][@b4][@b5]. Recent genome-wide studies reported that more than 90% of genes undergo alternative splicing[@b6][@b7]. More importantly, splicing variants are found in many human diseases such as Alzheimer's disease, cystic fibrosis, heritable diseases, and cancers[@b8][@b9][@b10]. These variants are one of the major causes of the diseases[@b11], and are targeted as biomarkers in disease diagnosis, prognosis and treatment[@b12]. Therefore, it is important to survey genome-wide splicing events in human health and diseases.

The massive parallel sequencing on mRNA (mRNA-Seq) has been actively used to study alternative splicing in a high-throughput manner[@b6][@b7]. Combined with newly developed computational methods, mRNA-Seq analyses enable us to quantify the abundance of transcript isoforms and discover novel isoforms[@b13][@b14][@b15]. At the same time, as a complimentary of mRNA-Seq, especially to analyze well-annotated isoforms, human transcriptome arrays (HTAs) have been developed[@b16][@b17][@b18][@b19][@b20]. With a high density of oligonucleotide probes, these arrays cover the whole exonic regions of the human genome as well as junction regions between two adjacent exons. For example, the recently released Affymetrix HTA 2.0[@b21] covers \~560 k exons and \~340 k exon-exon junctions of the human genome. The HTAs have relatively low cost (about \$250 per sample in the US including reagents) and short processing time, which makes the HTAs as a good complementary tool of mRNA-Seq for clinical studies that often require several hundreds or thousands of samples[@b20]. While a number of such studies are underway using HTA platforms[@b22], computational challenges remain to effectively utilize the rich exon and junction signals in the data.

There have been several computational methods to detect alternative splicing using exon and junction signals. Analysis of splicing by isoform reciprocity (ASPIRE) algorithm detects splicing events by comparing inclusion and exclusion ratios calculated from corresponding junction probes[@b18][@b19]. Splicing index (SI) algorithm can be extended to accumulated splicing index (ASI), to score alternative splicing events by summing up the normalized expression fold changes of all exons and junctions related to a target event[@b16]. It is also possible to use junction probes solely to detect alternative splicing events with a probe affinity model[@b17].

Despite these efforts, improving the detection accuracy is still a major challenge in alternative splicing analyses of microarray data[@b23]. For example, the conventional calculation of gene expression uses signals from all exons of a gene, regardless of whether an exon is alternatively spliced. This decreases the sensitivity of the subsequent alternative splicing analyses. In addition, while exon-exon junction probes are available on HTA platforms, and conceptually junction signals are more specific than exon signals to the alternative splicing events, analyzing junction data is more challenging than analyzing exon data. This is because junction probes are usually designed by tiling across each junction region (about 30 bp) leaving little room for optimization, so the probes are usually very similar in their sequences and likely either perform well or fail together. In contrast, exon probes are selected and optimized from the whole exon region, which is about 120 bp on average for a human gene.

To address these challenges, here we propose a new algorithm, named as Robust Alternative Splicing Analysis (RASA), to reduce the false positives of detecting alternative splicing events on HTA and similar exon-junction arrays. In order to reduce the biases caused by alternative splicing events on the calculation of gene expression, the method first calculates the expression index of each gene with only selected exons of the gene that are not differentially spliced between the sample groups of the study. It then detects alternatively spliced exons by requiring not only significant signal from the exon regions but also additional supporting evidence from the corresponding junctions, to reduce false positive detections. Further, since in a typical study, not all the junctions are detected with reliable signals, at the final step, the algorithm reports those additional candidates of alternatively spliced exons where the corresponding junctions are not measured reliably on the arrays. These candidates can then be reviewed and selected for further verification, by RT-PCR, for example.

We tested RASA using samples of human liver and muscle. Three replicated samples for each tissue were hybridized on Affymetrix HTA, which has been used in previous studies[@b24]. The detection performance of the proposed method was assessed by an independent mRNA-Seq data set[@b7]. In addition, nine candidates were selected for RT-PCR and were validated. The algorithm was also applied to data of a custom-designed HTA platform[@b20] between liver and muscle with four replicates for each condition. Finally we applied RASA on an additional dataset of T cells and monocytes isolated from ten healthy individuals. These results show that RASA substantially improve the performance of alternative splicing analysis of data of HTA platforms.

Methods and Materials
=====================

Summary of the HTA data analyses
--------------------------------

Following standard protocols suggested by the manufacturer, three replicates of human liver and muscle tissue samples were hybridized on Affymetrix HTA 1.0, previously high-density human exon junction array, HJAY[@b24]. Raw probe intensities were summarized into gene, exon and junction expression indices using a standard procedure of GC background correction[@b25], median-scaling normalization[@b26], and median-polish summarization[@b27]. Alternative splicing of exons and junctions were statistically tested using MIDAS[@b28] and MADS[@b23] methods. Normalized expression fold changes were computed as fold changes of exon and junction expression divided by gene expression, as like splicing indices[@b16]. The presence of exons and junctions per sample were tested by DABG[@b29]. The presence in an experiment condition was represented by a group DABG p-value, a geometric mean of sample DABG p-values in the condition. The custom-designed HTA data of liver and muscle, four replicates for each, was obtained from GSE26072[@b20], and processed in a similar way. A diagram of the overall procedure of the proposed algorithm is shown in [Supplementary Figure S1](#S1){ref-type="supplementary-material"}.

Putatively constitutive exon selection
--------------------------------------

Putatively constitutive exons of a gene are defined as exons that are not alternatively spliced across conditions, and the remaining exons of the gene are putatively alternative. The proposed method starts with the full set of exons and excludes putatively alternative exons until no more exons can be removed. For a simple comparison of two conditions, first, exons absent in any condition are marked as putatively alternative (group DABG p-value \> 0.01 in this work). Among remaining exons, one is marked as an outlier if its expression fold change falls outside of \[*m* − *ds*, *m* + *ds*\], where *m* and *s* are the mean and standard deviation of exon expression fold changes respectively, and *d* is a pre-defined sensitivity parameter. In this work, the default value of *d* was chosen to be 2, which allowed small changes within two-fold of the standard deviation. *m* and *s* are calculated again with non-outlier exons and outliers are updated. This process is repeated until outliers converge into a fixed set, which becomes to be additional putatively alternative exons. The gene expression is calculated from probes of the remaining putatively constitutive exons.

Alternatively spliced exon detection with supporting junctions
--------------------------------------------------------------

Several metrics, such as MIDAS, MADS, normalized expression fold changes (or Splicing Indices) and DABG, are available to detect alternatively spliced exons[@b16][@b23][@b28][@b29]. Here, we describe a simple case using only MIDAS p-values, but other metrics are equally applicable. First, significant exons are selected by a pre-defined threshold *p*. To compensate the systematic difference between exons and junctions, significant junctions are selected with an adjusted threshold *p'*, which is given as *p'* = *Q*^−1^~junc~(*Q*~exon~(*p*)), where *Q*~exon~ and *Q*~junc~ represent quantile functions of exon and junction p-values respectively and *Q*^−1^ is the inverse function of *Q*. If a significant exon has at least one significant junction over- or less-expressed together, the exon is considered as a confident candidate of alternative splicing. If an exclusion junction is significantly spliced in the opposite direction, it can also support the splicing of exons.

Detection of alternatively spliced exons with unreliable junctions
------------------------------------------------------------------

For a significantly spliced exon, its junctions are considered to be unreliable if their expression changes are much smaller than the adjacent exon. As an upper bound, each significant exon is compared with its best junction that has the largest expression change in the same direction with the exon expression change among all junctions. If no junction changes in the same direction, the expression change of the best junction is truncated to 0. The difference of expression fold changes of an exon and its best junction is calculated in a log scale. The extremeness of fold change difference is measured against a null distribution that is estimated by alternatively spliced exons detected with supporting junctions. This null distribution can be considered as a true distribution of an exon and its best junction working properly. Given a pre-defined quantile threshold *q*, a decision boundary is set as the value corresponding to the top *q* quantile of the null distribution. If the fold change difference of an exon is larger than this decision boundary, the exon is determined to have unreliable junctions. If these exons are significantly spliced by themselves, they are considered as confident candidate of alternative splicing without junction supports. In this work, the default value of *q* was chosen to be 0.05, which could be considered as a 5% significance level in the empirical test for unreliable junctions.

Results and Discussion
======================

Step 1: gene expression calculation using putatively constitutive exons
-----------------------------------------------------------------------

In the analysis of microarray data, accurately calculating gene expression indices is essential because an alternative splicing event between two groups of samples in a study is detected by comparing the changes in expression indices of an exon or a junction relative to the changes in the expression of the corresponding gene[@b16][@b18][@b19]. When gene expression is calculated from probes of all the exons of a gene, it inevitably includes changes caused by exons differentially spliced in the data of the study[@b29]. Consequently, changes are artificially introduced into the calculated gene expression indices because of these alternatively spliced exons, which results in the loss of sensitivity in the detection of differential splicing.

In order to minimize this bias, methods were proposed previously to estimate gene expression index using only annotated constitutive exons, which are defined as exons that are included in all transcript isoforms of a gene in a given gene annotation[@b18]. These constitutive exons can be identified from the annotations of RNA transcripts in RefSeq, Ensembl, and other publicly available databases[@b30]. However, a substantial percentage of the genes do not have sufficient number of constitutive exons for robust estimation of gene expression. As an example, in the transcript annotations used for a custom-designed HTA design[@b20], 40% of genes have no constitutive exons at all.

Instead, we used an unsupervised approach in RASA to iteratively select putatively constitutive exons from the data, and then use them to calculate gene expression more robustly. Putatively constitutive exons are selected as ones that, in all the conditions within a specific study, are uniformly present and show similar expression changes with the overall gene expression changes across these conditions. The rest of the exons are considered to be putatively or conditionally alternative, and excluded from gene expression calculations. Note that here the putatively alternative exons do not necessarily imply alternatively spliced, since some of them can be called because they do not appear to exist in any of the conditions of the study or their signal varies too much in the data to be included in the calculation of gene expression.

The proposed approach is also distinct from an approach using "core exons" as described in Risueno *et al.*[@b31], where the "core exons" are defined as common exons in the protein-coding transcripts that cover more than 60% of the gene. The use of core exons can be considered as an intermediate approach between the calculations using all exons and using annotated constitutive exons. This approach has two potential problems. One problem is that the gene expression calculation is affected by alternative spliced exons that are currently annotated as core exons. The other problem is that some genes might have too few or no such core exons, especially when a comprehensive gene annotation is used. In contrast, the proposed method detects "putatively constitutive exons" from the data of the study. It can exclude from gene expression calculation any exons which show strong alternative splicing signals in the data. Moreover, it can include in the gene expression analysis those exons that are not shown to be alternatively spliced in the data of the study, regardless of whether the exons are annotated as core (or constitutive) exons in the database, since many of the exons are not alternatively spliced under the specific conditions of the study even though they are annotated in the database as alternatively spliced under some other conditions.

[Figure 1](#f1){ref-type="fig"} shows an example of putatively constitutive exons between liver and muscle samples in the HTA data. The blue bold line has slope 1 and an interceptor whose value is the log ratio of expression indices between liver and muscle. Among the 46 exons of gene GARNL1, 21 are annotated constitutive and 25 annotated alternative exons, according to the design database of HTA. From the array data of liver and muscle, RASA selected 39 exons as putatively constitutive exons including 21 annotated constitute exons and 18 annotated alternative exons in the design database. In the figure, the performance of these 18 annotated alternative exons aligned well with the 21 annotated constitutive exons, indicating that they were not alternatively spliced between liver and muscle. The rest 7 exons were identified by RASA as putatively alternative exons. Among these, two were absent in both liver and muscle tissues, four were on the detection boundary of the alternative splicing analysis, and one exon (exon 25 of GARNL1, chr14: 35, 239, 119 \~ 35, 239, 259) showed a significantly different pattern of expression than all the other exons of GARNL1.

Step 2: alternative splicing detection with supporting junction information
---------------------------------------------------------------------------

After gene expression indices are calculated, RASA assesses the significance of alternative splicing of each exon and each junction between two (or more) groups of interest in the study. This is done by one or a combination of statistical tests such as MIDAS[@b28] and MADS[@b23]. While MIDAS and MADS have been developed for statistical tests of alternative splicing in exon arrays which do not have junction information, these methods can be directly applied to test alternative splicing of junctions.

In RASA, exons with significant differential splicing signals are identified, and all the junctions connected with each of these exons are examined. Only those exons supported by at least one junction with significant splice signal are selected as confident candidates of alternative splicing. By requiring significant splicing of both exons and their associated junctions, the approach reduces false positive detections. Note that one significant connecting junction is sufficient to support the finding that the exon is differentially spliced. This is because, while in the design database many junctions can connect to an exon, we expect only significant changes for the junction(s) connecting the exon to an isoform whose level significantly changed between the groups of interest in the study. For other junctions connecting the exon to isoforms with little changes, significant changes of junction signals are not expected.

Since junction probes are designed from the junction regions (\~30 bp) which are much shorter than the exon regions (\~120 bp), the numbers of junction probes (typically 4 \~ 8) are often fewer than those of exon probes (typically 8 \~ 10), and these junction probes are often less optimized than the exon probes. Because of the systematic difference in the number and performance between exon and junction probes, the estimated significances of alternative splicing signals of exons and junctions have different distributions. In order to compensate for this, the p-value distribution of the junctions is empirically adjusted according to the distribution of the exons p-values. In the testing study, significantly spliced exons were detected with MIDAS p-value threshold of 0.01, which corresponded to the top 5.9% of exon p-values, and significant junctions were detected with an adjusted p-value cutoff of 0.007, corresponding to the same top 5.9% of junction p-values.

Step 3: identification of unreliable junctions and listing additional candidates of alternative splicing
--------------------------------------------------------------------------------------------------------

At this step, RASA detects additional candidate exons of differential splicing that are missed in the previous step, because signals from their potential supporting junctions fail to be measured reliably. This is achieved by comparing fold changes of the expression indices of the exon and the junctions connecting to it. Since in alternatively splicing, different junctions connect the same end of an exon to different adjacent exons, which result in different gene isoforms, a junction is in general more specific to the isoform where it resides comparing with the exon that can be shared by the multiple isoforms created. As the result, if junction signals are measured properly, junctions have larger or at least equal fold changes in expression indices comparing to the corresponding exons. Therefore, if an exon is detected to be significantly spliced by itself but all of its junctions have extremely smaller fold changes than the exon, the signals of the junctions are likely unreliable. The difference in expression changes between an exon and its junctions can be tested over a null distribution estimated using those alternatively spliced exons detected with supporting junctions in the previous step (Step 2). This null distribution is expected to reflect the true distribution from alternatively spliced exons and their junctions behaving properly.

[Figure 2](#f2){ref-type="fig"} shows how unreliable signals of junctions are detected between the liver and muscle data. First, a null distribution was estimated with significant exons having at least one significant junction. In the null distribution, top 5% exons, which have the largest fold change difference between the exon and its junctions, are selected, and a cutoff threshold of the fold change difference is then determined for the detection of unreliable junction signal ([Fig. 2A](#f2){ref-type="fig"}). Among the exons that were detected to be significant by themselves but not supported by significant junctions, only 15% of exons satisfied the cutoff threshold ([Fig. 2B](#f2){ref-type="fig"}) and were additionally selected as splicing candidates. A weak correlation in [Fig. 2A](#f2){ref-type="fig"} is expected because a spliced junction tends to have a larger or equal fold change comparing with the corresponding exon, but the fold change difference can vary between different pairs of exons and junctions. Even though there are some exceptions due to noise, the spliced exons have significant junctions with larger or similar fold changes ([Fig. 2A](#f2){ref-type="fig"}). This clear pattern is not observed in exons without significant junctions ([Fig. 2B](#f2){ref-type="fig"}).

Performance benchmarks
----------------------

The proposed RASA algorithm was tested using data of human liver and muscle tissue samples hybridized on Affymetrix HTA 1.0 arrays. The detected candidates were further validated with an independent mRNA-Seq data set on the same tissues[@b7]. The overall result clearly shows that the combination of putatively constitutive exon selection and alternative splicing detection with junction supports significantly helps the identification of true positive candidates of alternative spliced exons ([Table 1](#t1){ref-type="table"}). In the array data, our method achieved a 52.4% validation rate, which was a 60% increase when comparing with the approach that calculate gene expression using all exons and detect alternative splicing with only exon signals, which have been widely used in previous studies[@b28][@b29]. In addition, over the wide range of significance criteria in both MIDAS and MADS tests, the proposed RASA algorithm performed better than the other approaches ([Fig. 3](#f3){ref-type="fig"}). The verification rates were calculated from 200 \~ 1,700 verifiable candidates from the mRNA-Seq data, which are large enough to ensure that the benchmark results are robust. A similar outperformance of the proposed method was observed from the analyses of custom-designed HTA data ([Supplementary Figure S2](#S1){ref-type="supplementary-material"}). Importantly, the performance of the method was robust to the changing parameters of the algorithm, e.g. sensitivity parameter *d* and quantile threshold *q*. Comparing to the 52.4% validation rate with the default parameters (*d* = 2 and *q* = 0.05), the validating rate remained within 47% \~ 57% over a wide range of these parameters ([Supplementary Figure S3](#S1){ref-type="supplementary-material"}).

The performance of RASA was also compared with that of ASPIRE[@b18][@b19] and ASI[@b16], two previously introduced methods utilizing junction information in alternative splicing analyses. Since both ASPIRE and ASI use the fold changes of normalized exon and junction expression as their primary measures of alternative splicing, our method was also demonstrated with the normalized expression fold changes. For a given fold change threshold, our method first detects confident candidates, and the same number of top candidates from ASPIRE and ASI were compared. As shown in [Fig. 4](#f4){ref-type="fig"}, the proposed method shows better validation rates than both ASPIRE and ASI. With a two-fold cutoff, our method had 65 \~ 75% validation rates which was a \>50% increase from the other two approaches. A similar result was obtained from the analysis of the custom-designed HTA data ([Supplementary Figure S4](#S1){ref-type="supplementary-material"}). One potential reason for this observation is that, while our method follows a "best-junction" approach that requires only one good junction to support an exon with significant alternative splicing signal, the other two methods follow an "all-junction" approach that incorporates information from all the junctions associated with the exon. Since both supporting and non-supporting junctions are utilized together in the all-junction approach, it is likely difficult to identify alternative splicing signals clearly.

To determine an exon as a confident candidate of alternative splicing, RASA requires strong signals from the exon and one of its junctions as a supporting junction. Alternatively, an exon can be detected with only strong junction signals by not requiring strong signals from the exon itself. For example, MADS+[@b32] follows this approach by just requiring one of inclusion probe sets (exons or junctions that are included in an alternative splicing event) and one of exclusion probe sets (exons or junctions that are skipped). MADS+ allows two junctions to support a splicing event while RASA requires one exon and one junction to have strong signals. Because of short exon-exon junction regions, the design of junction probes are often difficult to be optimized, which makes junction probes less reliable than exon probes. Therefore, the approach not requiring strong exon signals might produce more false positive detections. Comparing the MADS+ approach with RASA in similar settings with the benchmark tests, RASA shows better verification rates over a wide range of MADS p-value criteria ([Supplementary Figure S5](#S1){ref-type="supplementary-material"}).

Some candidates from the HTA analysis were not determinable by the mRNA-Seq analysis because they were not covered by enough sequencing reads. In order to further test these candidates, we performed additional verification experiment using RT-PCR. We selected nine such candidates based on signal strength and simplicity of gene structures. As shown in [Fig. 5](#f5){ref-type="fig"}, the PCR results confirmed all these nine candidates with good agreements of expression fold changes.

In addition, RASA was tested using the data of human T-cell and monocyte samples. T-cell and monocyte samples from each of 10 healthy individuals were hybridized on a custom designed HTAs ([Supplementary Methods](#S1){ref-type="supplementary-material"}). The analysis found 708 alternatively spliced exons (p-value \< 0.01), among which 44.1% were verified by independent mRNA-Seq data of the same tissues. This is a significant improvement from the analysis without the use of junction signals and putatively constitutive exons, of which verification rate was only 29.7%. Similar to the results of the previous two datasets, in this dataset RASA also showed better verification rates over a wide range of significance criteria ([Supplementary Figure S6](#S1){ref-type="supplementary-material"}). As an example, the NIN (Ninein) gene was shown in [Supplementary Figure S7](#S1){ref-type="supplementary-material"}, where an exon of the gene is detected as alternative spliced by the HTA analysis and verified by the mRNA-Seq data. These results support the ability of RASA for larger data sets with high variations, such as in a clinical setting.

The reliability of the RASA analysis is expected to be dependent on the within and between group variations of the samples. In the analysis of liver and muscle samples, RASA worked well even with three replicates by achieving a 52.4% validation rate because these were technical replicates with relatively small variations. In the analysis of T-cells and monocytes, larger variation between samples of the same cell type from the 10 different individuals might explain the somewhat lower validation rate (44.1%). In a real clinical application with patient samples, the sample variations are expected to be even larger than between healthy individuals. In such a case, more samples will likely be required to have enough powers for the analysis.

Conclusion
==========

In this work, we describe RASA for the alternative splicing analyses of HTA platforms. The algorithm is based on two properties of junction signals: (1) if an exon is alternatively spliced, at least one of the junctions linked to the exon should be also alternatively spliced, and (2) if an exon is alternatively spliced, at least one of its junctions is expected to have the larger or at least equal expression fold changes comparing with that of the exon. Based on the first property, we determine an exon as a confident candidate of alternative splicing when the exon itself is significantly spliced and at least one of its junctions is also significantly spliced. Based on the second property, we detect exons with unreliable junctions if all junctions of the exon have much lower expression fold changes than that of the exon. The distribution of fold changes of spliced exons and reliable junctions are empirically estimated from the confident candidates of the previous step. This distribution is used as a null distribution and if all the junctions of an exon have extremely lower fold changes that fall below a certain percentile of the null distribution, we consider the exon to have unreliable junction signals. We include these exons as additional candidates for alternative splicing if they are significantly spliced by themselves without supporting junctions.

RASA was tested between liver and muscle samples hybridized on the Affymetrix HTA arrays, and verified with independent mRNA-Seq data. The rate of validation was 52.4%, a 60% increase from the previous approaches. Additional analyses of custom-designed HTA data sets showed similar results. The overall result shows that alternative splicing detection with RASA can significantly improve the performance of the analysis. This method is being further tested in the analysis of HTA data of a clinical study to investigate splicing of traumatic patients. The implementation of RASA can be found at <http://igenomed.stanford.edu/~junhee/RASA/>.
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![Putatively constitutive exon selection in GARNL1.\
At the top, the gene structure of GARNL1 from UCSC Known Gene is shown with HTA exon probe sets. At the bottom, logged exon expression indices of liver and muscle are plotted. Black and red colors represent annotated constitutive and alternative respectively as in the design database of the HTA. The blue bold line represents an average expression ratio over all putative constitutive exons identified by RASA, and blue dashed lines show upper and lower boundaries set in the algorithm to call putative alternative exons. A putatively constitutive exon identified by RASA is marked with a circle. A putatively alternative exon identified by RASA is either categorized as absent in the sample (marked with a cross) or as significantly deviated from the average expression ratio of the putative constitutive exons (triangle). Exon 25 of the gene is later identified as an alternatively spliced exon between the tissues.](srep11917-f1){#f1}

![Identification of exons with unreliable junctions.\
Normalized fold changes of exons and their corresponding junctions for **(A)** significant exons supported by significant junctions, and **(B)** significant exons without significant junctions. Dashed red lines present the equal fold changes of exons and junctions, and solid red lines present the cutoff threshold corresponding to 5% significance. Exons on the bottom-right side of the threshold line are considered to have significantly larger fold changes than their junctions.](srep11917-f2){#f2}

![Performance comparison.\
Comparisons of the performance of various methods to detect alternatively spliced exons. Verification rates are shown along with **(A)** MIDAS p-values and **(B)** MADS p-values. The methods calculating gene expression with all exons, annotated constitutive exons, and putatively constitutive exons are noted with black, green and red lines respectively. The detection results with and without junction supports are represented with bold and dashed lines respectively. The performance of RASA is plotted with red bold lines.](srep11917-f3){#f3}

![Performance comparison with all-junction approaches.\
Performance comparison of **(A)** ASPIRE and **(B)** ASI with the proposed method. Red lines represent validation rates of the proposed method using a best-junction approach, and black lines represent the other two methods using an all-junction approach. RASA detected candidates first with a given fold change threshold (x-axis), the same number of top candidates by ASPIRE and ASI were compared, and the verification rates by mRNA-Seq data were presented (y-axis).](srep11917-f4){#f4}

![RT-PCR verification.\
Comparison of HTA and RT-PCR results of nine selected alternative splicing candidates identified by RASA. Shown are fold changes of the expression levels of exon and junctions measured between liver and muscle. A positive logged fold change indicates over-expression in muscle over liver, and vice versa. Red and green circles represent exons and junctions respectively.](srep11917-f5){#f5}

###### Summary of performance benchmarks.

  **Exon Selection**               **Alternative Splicing**   **Number of Determinable Candidates**   **Number of Verified Candidates**   **Rate**
  ------------------------------- -------------------------- --------------------------------------- ----------------------------------- ----------
  Constitutive exons                      Exon only                            618                                   142                   23.0%
  All exons                               Exon only                           1,738                                  561                   32.4%
  Putatively constitutive exons           Exon only                           1,506                                  540                   35.9%
  Putatively constitutive exons         With junctions                         695                                   364                   52.4%

The performance summarization of various methods in the detection of alternatively spliced exons with MIDAS p-value \< 0.01 and DABG p-value \< 0.01. It shows the number of determinable candidates, the number of verified splicing events by the mRNA-Seq analyses, and the verification rate.
